Evolutionary responses to environmental change depend on the time available for 14 adaptation before environmental degradation leads to extinction. Explicit tests of this 15 relationship are limited to microbes where adaptation depends on the order of mutation 16 accumulation, excluding standing genetic variation which is key for most natural species. 17 When adaptation is determined by the amount of heritable genotype-by-environment fitness 18 variance then genetic drift and/or maintenance of similarly fit genotypes may deter 19 adaptation to slower the environmental changes. To address this hypothesis, we perform 20 experimental evolution with self-fertilizing populations of the nematode Caenorhabditis 21 elegans and develop a new inference model that follows pre-existing genotypes to describe 22 natural selection in changing environments. Under an abrupt change, we find that selection 23 rapidly increases the frequency of genotypes with high fitness in the most extreme 24 environment. In contrast, under slower environmental change selection favors those 25 genotypes that are worse at the most extreme environment. We further demonstrate with a 26 second set of evolution experiments that, as a consequence of slower environmental 27 change, population bottlenecks and small population sizes lead to the loss of beneficial 28 genotypes, while maintenance of polymorphism impedes their fixation in large populations. 29 Taken together, these results indicate that standing variation for genotype-by-environment 30 fitness interactions alters the pace and outcome of adaptation under environmental change.
Introduction
With human activities predicted to increase rates of climate change (Stocker et al. 37 2013), it has become urgent to pinpoint the ecological and evolutionary conditions by 38 which natural populations survive and adapt at different rates of environmental change. It is reaction norms, repeating these two steps multiple times to obtain estimates of the reaction 126 norm parameters. To estimate the lineage reaction norms, we assume they follow a specific 127 parametric function of the environmental value, and then estimate the resulting parameters: 128 here we consider log to be linear or quadratic functions of .
130
Experimental population genetics 131 Based on the genotyping data collected, we estimate that more than 200 distinct 132 lineages are present in the lab adapted ancestral population (Fig. S2 ). The overwhelming 133 majority of haplotypes observed are quickly selected against under all experimental 134 evolution regimes ( Fig. 2A and Fig. S4 ). We further find that populations faced with a 135 sudden change in the first generation followed by constant high salt (305 mM NaCl) show 136 for each region of the genome a single haplotype sweeping and nearing fixation by 137 generation 50. In contrast, populations faced with a gradual increase in salt until generation 138 35 showed a different haplotype initially sweeping but then reverting in frequency when 139 they were kept in the target high salt environment for another 15 generations. 140 We initially modeled linear fitness reaction norms. The results indicate that the corresponding to the L28 and L11 lineages that we inferred ( Fig S7 and Table S2 ). Our 151 model predicts that the fitness reaction norms of these two lineages cross between 200-250 152 mM NaCl (Figs. 3A and S6C). To test this prediction, we directly assayed the fitness 153 reaction norms of the ancestral population and the L28 and L11 lines. We find that the 154 ancestral population fitness falls in-between those of the two lines at each salt level ( Fig.   155 3B), and we find a close qualitative agreement with the model fit in that the line fitness 156 reaction norms cross at about 225 mM ( Fig. 3C ). We also conducted head-to-head 157 competitive fitness assays between L28 and L11, to account for any possible interactions 158 that might not be apparent in the individual line growth assays. In these competition assays, 159 performed for 2 generations, both lines were initially placed at 50:50 ratios. The results are 160 remarkably similar to those under non-competitive conditions ( Fig. 3D ), indicating that 161 interactions between the two lines are not significant. The freezing and reviving process could also have resulted in L28 loss. If the L28 lineage 179 was lost then future adaptation to high salt is compromised. The second factor is that the 180 efficacy of natural selection on the best lineages may be lower because of increased genetic 181 drift in small populations (Crow and Kimura 1970) or because of the maintenance of 182 polymorphism in large populations (Fisher 1930) , both mechanisms leading to lower 183 selection efficiency.
185
Genetic drift and selection efficiency 186 In two time points during this second set of evolution experiments, we genotyped a 187 number of SNPs in pools of individuals, chosen to maximize the ability to distinguish 188 lineage L28 (see Materials and Methods). We found that the evolutionary responses of the 189 populations from the 7 ancestrals fell into three distinct categories.
190
The first category included two ancestral populations ( Fig. 4B ). From the first 191 ancestral, it is clear that in large population sizes the L28 lineage swept and likely fixed, 192 while at smaller population sizes the response was more constrained (Fig. 4B, 199 In the second category, corresponding to three ancestrals, the L28 lineage was most were either almost as fit as the L28 lineage (diminishing selection efficacy on L28), or that 211 there was frequency-dependence between L28 and other lineages, e.g., ).
212
Either way, some of the small populations must have lost these other competitive lineages 213 (or maintained them at very low frequencies), before the second set of experiments, for the 214 L28 lineage to sweep in them. 
274
From an empirical perspective, the inference model that we developed here, where 275 only partial information about the short-term evolutionary trajectories of fitness and genetic 276 diversity is used, is a significant step in understanding evolution in changing environments.
277
Using our approach, for natural populations, partial genomic and fitness observations may changing environments (Fig. 1B) , ancestral population samples were thawed, expanded in 305 numbers and first larval staged (L1s) seeded at the appropriate densities to three regimes.
306
The sudden regime was characterized by the same conditions to which previous lab-307 adaptation occurred, except that the NGM-lite media (US Biological) where worms grew 308 was supplemented with NaCl (305 mM) from the start and for 50 generations (4 replicate 309 populations; Supplementary Information, Table S1 ). For the gradual regime plates were Fitness assays 325 The ancestral population (before salt adaptation) was thawed from frozen stocks and 326 individuals reared for two generations at 25 mM before they were exposed to the three 327 assay NaCl treatments (Fig. 3B ). On the third generation, five Petri dishes per NaCl 328 treatment were seeded with 10 3 L1s per plate. These five plates constituted one technical 329 replicate, and there were four of these for each salt treatment. After 66 h, individuals were 330 harvested and exposed to a 1 M KOH:5% NaOCl solution (to which only embryos survive). 
348
L28 and L11 were also assayed in head-to-head competitions (Fig. 3C ). They were 349 thawed from frozen stocks and reared for two generations at 25 mM NaCl before they were (Fig. 4) , the function prcomp in R was used.
391
Fitness reaction norms 392 We assume an effectively asexual population genetics model for a haploid the NaCl concentration. We assume an infinite population size, such that any given lineage 397 never goes extinct (although the frequency may become very small), that there are no 398 density-or frequency-dependencies, and that trans-generational effects are absent.
399
A population is composed of lineages, such that the frequency of the -th lineage 400 in generation + 1, denoted by , is given by:
where is the environment value faced in generation , and the expected number 403 of live offspring produced by lineage k when faced with the environment . In this way, the 404 function corresponds to the fitness reaction norm for lineage .
405
Following the setup used for genotyping, the genome is divided into non-406 overlapping regions, and we refer to the haplotype in a region as a region-wide haplotype 407 (RWH). A "lineage" is described by a tuple , indicating the RWHs in each region, such 408 that = , , , , ⋯ , , . We assume that the fitness reaction norm of a lineage is an 409 additive function of the fitness reaction norm of the RWHs in that lineage:
where Θ is a vector of parameters for all the region-wide haplotypes, # $ the parameters for , [.] , ⋯ , D [.] F, specifying the frequency of each between L28 and L11. The two lineages were identified after genome-wide sequencing of 624 100 lines derived from two gradual populations at generation 50 ( Fig. S7 and Table S2 ).
625
Estimates were obtained using pooled-genotyping data on 18 SNPs that differ in L28 and 
